Dissolved organic matter (DOM) in marine sediments is a complex mixture of thousands of individual constituents that participate in biogeochemical reactions and serve as substrates for benthic microbes. Knowledge of the molecular composition of DOM is a prerequisite for a comprehensive understanding of the biogeochemical processes in sediments. In this study, interstitial water DOM was extracted with Rhizon samplers from a sediment core from the Black Sea and compared to the corresponding water-extractable organic matter fraction (<0.4 lm) obtained by Soxhlet extraction, which mobilizes labile particulate organic matter and DOM. After solid phase extraction (SPE) of DOM, samples were analyzed for the molecular composition by Fourier Transform Ion-Cyclotron Resonance Mass Spectrometry (FT-ICR MS) with electrospray ionization in negative ion mode. The average SPE extraction yield of the dissolved organic carbon (DOC) in interstitial water was 63%, whereas less than 30% of the DOC in Soxhlet-extracted organic matter was recovered. Nevertheless, Soxhlet extraction yielded up to 4.35% of the total sedimentary organic carbon, which is more than 30-times the organic carbon content of the interstitial water. While interstitial water DOM consisted primarily of carbon-, hydrogen-and oxygen-bearing compounds, Soxhlet extracts yielded more complex FT-ICR mass spectra with more peaks and higher abundances of nitrogenand sulfur-bearing compounds. The molecular composition of both sample types was affected by the geochemical conditions in the sediment; elevated concentrations of HS -promoted the early diagenetic sulfurization of organic matter. The Soxhlet extracts from shallow sediment contained specific three-and four-nitrogen-bearing molecular formulas that were also detected in bacterial cell extracts and presumably represent proteinaceous molecules. These compounds decreased with increasing sediment depth while one-and two-nitrogen-bearing molecules increased, resulting in a higher similarity of both sample types in the deep sediment. In summary, Soxhlet extraction of sediments accessed a larger and more complex pool of organic matter than present in interstitial water DOM.
INTRODUCTION
Organic matter in marine sediments is a major reservoir of reduced carbon on Earth and an important player in the global carbon and nutrient cycle (Hedges and Keil, 1995) . It is a highly complex and diverse organic mixture derived from marine and from terrestrial biological sources. Most of this organic matter is chemically altered during transport through the water column and sedimentation. Labile compounds are remineralized or modified and recalcitrant compounds accumulate in the sediment (Wakeham et al., 1997; Veuger et al., 2012) . The buried organic matter reservoir is http://dx.doi.org/10.1016/j.gca.2014.06.009 0016-7037/Ó 2014 Elsevier Ltd. All rights reserved. an important energy supply for microbes in subsurface sediments (Whitman et al., 1998; Parkes et al., 2000; D'Hondt et al., 2004; Biddle et al., 2006; Webster et al., 2006) , which play an important role in biogeochemical element cycles (Kvenvolden, 1993; D'Hondt et al., 2002) . The preservation mechanisms and availability of organic matter to microbes depends on molecular properties such as composition, size and structure (Weiss et al., 1991; Arnosti et al., 2011) . For a better understanding of the biogeochemical processes in the sediment, knowledge of the molecular organic matter composition is a prerequisite, particularly of dissolved organic matter (DOM) which accumulates in interstitial water in the sediment as a result of particulate organic matter depolymerization. In the last decade, ultrahigh-resolution Fourier Transform Ion-Cyclotron Resonance Mass Spectrometry (FT-ICR MS) has extended the analytical window for organic matter characterization due to its capacity for resolving thousands of constituents with individual elemental compositions in complex DOM mixtures. FT-ICR MS provided insights into the sources of DOM in various environments (Kim et al., 2004; Koch et al., 2005; Dittmar and Koch, 2006; Hertkorn et al., 2006; Tremblay et al., 2007; Reemtsma et al., 2008; Schmidt et al., 2009; Bhatia et al., 2010; D'Andrilli et al., 2010; Lechtenfeld et al., 2013; Roth et al., 2013) and it revealed transformation of DOM related to microbial processes (Kim et al., 2006; Longnecker and Kujawinski, 2011; Schmidt et al., 2011) , fungal degradation (Grinhut et al., 2011) , and photochemical alteration (Kujawinski et al., 2004; Gonsior et al., 2009) .
This study exploits FT-ICR MS for the characterization of interstitial water DOM (IW-DOM) and the water extractable sedimentary organic matter fraction of a 8.75-m-long sediment core from the Black Sea. IW-DOM was extracted with Rhizon samplers (Seeberg-Elverfeldt et al., 2005 ) from a sediment depth of down to 6 m below seafloor and compared to the organic matter (fraction <0.4 lM) that is extractable with hot water in a Soxhlet apparatus (water extractable organic matter WE-OM). Hot water extraction of organic matter has been previously applied to determine the labile organic matter fraction in soils (e.g., Sparling et al., 1998; Ghani et al., 2003; Gregorich et al., 2003; Bu et al., 2010; Xing et al., 2010; Sarkhot et al., 2011) . However, to our knowledge, it has never been utilized for the molecular characterization of organic matter in marine sediments. WE-OM is one potential source for IW-DOM. We assume that not only the IW-DOM fraction is accessible to microbial attack but also the organic matter that is attached more tightly to the sediment matrix, e.g., by sorption to mineral surfaces or binding in complexes and polymeric aggregates (Keil et al., 1994; Arnarson and Keil, 2005) . Conceptually, we expect this organic matter fraction to be relatively concentrated in WE-OM of marine sediments as it has been shown for soils before (Curtin et al., 2011) . Hence, analysis of this pool will expand the information regarding microbially relevant organic constituents in marine sediments. Furthermore, aqueous Soxhlet extraction is a promising approach to obtain information about the DOM pool when the interstitial water volume is not sufficient for FT-ICR MS analysis, e.g., in clay-rich sediments or consolidated sediment from great depths. It has been successfully applied for the extraction of low-molecular-weight organic acids from coal, sandand mudstones as potential feedstock for the deep biosphere (Vieth et al., 2008) .
The main goals of this study were to examine (i) the portion of "dissolved" organic matter that can be obtained by Rhizon vs. Soxhlet extraction; (ii) the changes in the organic matter composition related to burial depth, geochemical conditions, lithology, and provenance of the sediment; (iii) the differences in molecular composition between IW-DOM and WE-OM in corresponding samples.
MATERIAL AND METHODS

Sampling
Samples were taken during FS Meteor Expedition M84-1 at GeoB Station 15105 in February 2011 in the Black Sea. A gravity core and a multicore were retrieved from 1266 m water depth at latitude 41°31 0 71 N and longitude 30°53 0 07 E. Interstitial water and sediment samples were taken from one depth of the multicore (10-12 cm) and three different depths of the gravity core (147-162, 420-435, 596-613 cm) representing different stratigraphic units. Interstitial water was sampled with Rhizons (Eijkelkamp, pore size 0.1 lm). Rhizon samplers were connected to 20-ml syringes and interstitial water was sampled by applying vacuum (duration of sampling: 4-6 h). Aliquots of the interstitial water were taken for dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) analyses and stored at À20°C in the dark. The main fraction of the interstitial water was stored under N 2 atmosphere at +4°C in the dark until further processing on board. Sediment was sampled in selected intervals of the open core and stored at À20°C in the dark until further processing in the home laboratory.
Soxhlet extraction of sediments
Sediments were homogenized and cryogenically ground in a cryomill (Retsch, Cryomill, Haan) cooled with liquid nitrogen. Subsequently, around 25 g of the wet sediment (including interstitial water DOM) was weighted into precombusted glass fiber thimbles (30 Â 100 mm, Whatman) which were extracted before with distilled ultrapure water for 48 h to remove potential contaminants. 200 ml of distilled, deionized water was added to the round-bottom flask of the Soxhlet extraction unit together with boiling chips (PTFE, Roth), and the Soxhlet system was flushed with argon through a valve in round-bottom flask to create an inert atmosphere. Afterwards, the system was closed with a gas balloon that was attached to the top of the condenser unit. Extraction was carried out for 48 h in the dark to avoid photochemical reactions. After extraction, the extract solution was filtered through a GF-5 filter (MackereyNagel, pore size 0.4 lm) in N 2 atmosphere to avoid oxidation reactions and stored at +4°C until further preparation. Any possible effects of the different pore sizes used for Soxhlet extracts and IW-DOM on the molecular composition can be neglected due to our analytical mass window of <1000 Da, which corresponds to molecules considerably smaller than the rhizon pore size of 0.1 lm.
Preparation and extraction of Escherichia coli
Escherichia coli (DSM No. 11250, DSMZ) was cultivated in 100 ml sterile medium consisting of 500 mg peptone (Alfa Aesar), 500 mg tryptone (Fluka), 500 mg sodium chloride (VWR), 500 mg yeast extract (Alfa Aesar) at pH 7 and 28°C for 40 h. The culture was split into two samples. After centrifugation (4000 rpm, for 15 min) the supernatants were decanted and the cells were washed 3-times with a sodium chloride solution (5& NaCl). Subsamples were taken for cell enumeration. Afterwards each E. coli sample split was added to 15 g of combusted quartz sand in pre-combusted and pre-extracted glass fiber thimbles. Soxhlet extraction of E. coli samples was carried out similarly to the sediment samples (see Section 2.2) and afterwards the extracts were filtered through GF-5 filters. Cells were enumerated by epifluorescence microscopy of 2% formaldehyde-fixed samples using SYBR green I staining solution as described by Lunau et al. (2005) .
DOM extraction
Between 22 and 37 ml of the interstitial water were prepared for FT-ICR MS analyses on board under N 2 atmosphere in a glove bag to avoid possible oxidation of the DOM. All reagents were degassed by N 2 treatment with precombusted Pasteur pipettes before use. Soxhlet extracts from sediments and E. coli were prepared in the home laboratory under similar conditions. First, samples were acidified to pH 2 with hydrochloric acid (suprapur, Merck) and concentrated by solid phase extraction (SPE) on precleaned Bond Elut-PPL cartridges (200 mg sorbent, Agilent Inc.) according to the protocol by Dittmar et al. (2008) . After adsorption, salts were removed by rinsing the cartridge with 6 ml ultrapure water (pH 2) and DOM was eluted with 0.5 ml (for interstitial waters) and 1 ml methanol (LiChrosolv, Merck) for the Soxhlet extracts. A procedural blank was performed to check for possible contaminations during sample extraction. SPE extracts were stored in precombusted HPLC vials under N 2 atmosphere at À20°C in the dark until FT-ICR MS analyses.
2.5. Dissolved organic carbon and total dissolved nitrogen DOC and TDN concentrations were analyzed in the interstitial waters, in the water-soluble, filtrated fraction derived from Soxhlet extraction, and in the SPE extracts. Prior to analyses of the SPE extracts, the solvent was removed from aliquots of the extracts under a stream of nitrogen and the DOM was re-dissolved in 6 ml ultrapure water. Measurements were carried out by high-temperature catalytic oxidation using a Shimadzu TOC/TN analyzer equipped with an infrared and a chemiluminescence detector (oxygen flow: 0.6 l min À1 ). The samples were acidified with 0.12 ml HCl (2 M) in the autosampler and purged with oxygen to remove inorganic carbon. Afterwards, the sample was directly injected onto the catalyst and heated to 680°C.
Final DOC concentrations were average values of triplicate measurements. The DOC and TDN concentration of the procedural blank was below limit of determination indicating that SPE did not introduce any additional DOC or TDN. Solid phase extraction efficiencies for all samples were calculated from DOC concentrations in the original sample and aliquots of the SPE extracts. The total water soluble organic carbon (OC) was calculated as follows: (1) DOC concentrations of WE-OM and IW-DOM were normalized to g wet sediment, considering the amount of water and sediment that was used for Soxhlet extractions and the volume of interstitial water obtained from 1 g sediment by Rhizon sampling (Table S1 Appendix A); (2) concentrations expressed in lmol/g sediment were transformed into lg OC/g sediment, (3) lg OC/g sediment was normalized to the sedimentary TOC at each sample depth (Table 1 ).
2.6. Fourier transform ion-cyclotron resonance mass spectrometry DOM extracts were diluted with methanol:water (1:1, v/v) and analyzed in a concentration of 750 nM DOC/lL. Samples were ionized with electrospray ionization (ESI, Apollo II electrospray source, Bruker Daltonik GmbH, Bremen, Germany) in negative ion mode at an infusion flow rate of 2 ll min À1 on a Bruker SolariX FT-ICR MS (Bruker Daltonik GmbH, Bremen, Germany) equipped with a 12 T refrigerated actively shielded superconducting magnet (Bruker Biospin, Wissembourg, France). Initially, mass spectra were calibrated externally with arginine clusters in negative ion mode using a linear calibration. Ion accumulation time was set to 0.05 s for IW-DOM and 0.03 s for WE-OM due to the higher complexity of WE-OM. 300 scans were added to one mass spectrum ranging from m/z 150 to 3000. E. coli samples were analyzed with an ion accumulation time of 0.24 s and 500 scans were added to one mass spectrum. Mass spectra were acquired with 4 MW data points resulting in a resolving power of 480,000 at m/z 400. Subsequently, mass spectra were recalibrated internally with compounds that were repeatedly identified in marine interstitial water DOM samples (C 13 S 0-1 , 31 P 0-2 in a m/z range of 150-650. Formulas were restricted to a molecular element ratio of O/C 6 1.2 and to integer double bond equivalent (DBE) values. A mass tolerance of ±0.5 ppm was considered as a valid formula. For the final dataset we focused on ions with an average S/N P 10 corresponding to a relative intensity P3% (normalized to the highest sample peak in each spectra) in a m/z range of 180-600, using the following restrictions with respect to the molecular composition: Multiple formulas were filtered with the homologous series/ building block approach and isotope check (Koch et al., 2007) yielding up to 9,749 unequivocal formulas per sample and <10 peaks with double assignments per sample. Potentially anthropogenic surfactants that were listed in a surfactant database (http://www.terrabase-Inc.com) were removed from the final data set. The spectra of the Soxhlet extracts contained also peaks above the intensity threshold of 3% in the range of 150-180 Da and 600-650 Da that were not included in this study to allow a comparison of both sample types in statistical analysis.
For multivariate statistical analysis a principal component analyses (PCA) was performed on normalized peak magnitudes using the software R.
Total organic carbon, total nitrogen, and stable carbon and nitrogen isotopes
Total organic carbon (TOC) content, total nitrogen (TN) content, and the stable carbon and nitrogen isotopic compositions were analyzed from the freeze-dried homogenized sediment. Prior to analysis, 3 g of the sediment was decalcified by the addition of 10% HCl and afterwards washed with ultrapure water. Between 10 and 30 mg of the dried sediment was weighed into tin capsules and analyzed for TOC and TN as well as their stable isotopes on a Thermo Scientific Flash 2000 elemental analyzer connected to a Thermo Delta V Plus IRMS. TOC, TN and stable isotope values are mean values of analysis of duplicate samples. TOC and TN values are given in % per g dry sediment and isotopic values are quoted in the d
C and d
15 N notation in & relative to the Vienna Pee Dee Belemnite (V-PDB) standard and atmospheric N, respectively. Standard deviation for isotope measurements was below 0.1& for C and below 0.3& for N as determined from repeated analysis of a reference sample.
RESULTS
Sediment and bulk organic matter properties
The samples from four sediment depths represented different types of sediment, depositional regimes, and ages (Table 1 ). All sediments were clay-rich and the upper two samples (10-12, 147-162 cm) consisted of finely laminated coccolith ooze of marine Unit I in the Black Sea (Degens and Ross, 1972) . 147-162 cm contained a volcanic ash layer which most likely derived from the Minoan eruption of Santorini, and therefore dates to 3.55-3.58 ka BP (Friedrich et al., 2006; Kwiecien and Haug, 2008) . The sample from 420 to 435 cm consisted of clay with sand to silt-sized carbonate clasts and was deposited when the Black Sea was isolated from the Mediterranean (Black Sea Unit III; age > 8 ka BP) (Bahr et al., 2006; Kwiecien and Haug, 2008) . The deepest sample (596-613 cm) represented a dark banded sulfide-rich clayey mud from Unit III. TOC and TN concentrations in the sediment samples ranged from 1.69% to 1.12% and 0.18% to 0.08%, respectively ( TOC and TN concentrations decreased with sediment depth (Table 1) , whereas DOC and TDN was higher in the deeper sediment (Table 2 ). In order to compare the DOC concentration of the interstitial water and the Soxhlet extract, we normalized the measured DOC concentration to grams of wet sediment. Normalized carbon concentrations in the Soxhlet extracts were up to 50 times higher than in the corresponding interstitial water and ranged between 40.03 and 49.04 lM C/g sediment (including interstitial water DOC) compared to 0.73 to 1.77 lM C/g sediment in IW-DOM (Table 2) .
Extraction efficiency for IW-DOM and WE-OM
The extraction efficiency for IW-DOM was in the range of 39-87% and showed an increase with depth. In contrast, extraction efficiency for WE-OM was considerably lower; only 11-28% of the DOC was recovered after SPE and the extraction efficiency was lowest in the deepest sample (Table 2) . However, even with these relatively low extraction efficiencies, a substantially larger total amount of the WE-DOM pool was recovered (11.21 lmol C/g sed vs. 0.27 lmol C/g sed in 10-12 cm depth, Table 2 ) and at 6 m sediment depth, the WE-OM was at least 4-times larger than the IW-DOM pool (4.48 lmol C/g sed vs. 1.06 lmol C/g sed).
From the total pool of nitrogen compounds, SPE only extracts dissolved organic nitrogen (DON). Inorganic N compounds such as ammonium and nitrate are not retained on the column. Portions of solid phase-extractable DON (SPE-DON) relative to TDN ranged between 3% (10-12 cm) and 8% (420 cm) for IW-DOM and between 38% (147-162 cm) and 45% (596-613 cm) for WE-OM (Table 2) . Absolute SPE-DON concentrations in IW-DOM increased from 24 lM in 10-12 cm depth to a maximum of 137 lM DON in 420-435 cm, whereas SPE-DON concentrations in WE-OM decreased with depth from 119 lM in 10-12 cm depth to 51 lM DON in 596-613 cm depth. . In the following, for the ease of readability, we generally refer to a calculated molecular formula as a "compound" or "constituent".
Although ESI-FT-ICR MS is not quantitative, samples can be compared semi-quantitatively based on the relative intensity of their constituents in the spectra (here normalized to the base peak of each sample), if analyzed under similar conditions and instrument settings (Kido Soule et al., 2010; Sleighter et al., 2012) . Therefore, prior to FT-ICR MS analyses all samples were diluted to a similar DOC concentration and analyzed in sequence on one day using identical instrument settings to allow a comparison of the spectra. Between 3244 and 5790 molecular formulas were identified in a m/z range of 180-600 Da in IW-DOM (Table 3) . Compounds consisting of C, H and O (CHO compounds) predominated in number and relative intensity in IW-DOM in all samples (Table 3) . S-and N-bearing compounds (CHOS and CHNO compounds) had relative intensities below 30% in all samples except for the sample from 147 to 162 cm in which CHOS and CHNO compounds reached relative intensities of up to 42% and 35%, respectively. This sample also contained an elevated number of CHNOS compounds compared to the other IW-DOM samples (Table 3 ). In general, only few compounds contained P (CHOP compounds) or combinations of N and P or P and S.
The molecular composition of the IW-DOM changed with sediment depth. At 10-12 cm depth, the IW-DOM had a particularly elevated weighted average (wa) O/C ratio of 0.51 (Table 3) (Table 3) . IW-DOM at 147-162 cm was characterized by an increased number and intensity of S-bearing compounds (S wa of 0.40) and an elevated DBE wa value of 8.55; i.e., molecular formulas contained a higher hydrogen deficiency (rings plus pi-bonds) compared to molecular formulas in the other IW-DOM samples. The IW-DOM sample from 420 to 435 cm showed the lowest O/C wa ratio of 0.35 and an elevated H/C wa ratio of 1.44 (Table 3) . This is exemplified in the detailed mass spectrum on mass 385 in Fig. 1(a-d) ; molecular formulas with the highest peak intensities in sample 420-435 cm (Fig. 1c) are shifted to higher masses by 0.036 Da compared to the other samples, i.e., some of the O is replaced by CH 4 units which shifts the intensity weighted average values to lower O/C and higher H/C ratios. In 596-613 cm sediment depth, IW-DOM was characterized by the highest relative intensities of CHOcompounds. 3.3.2. Molecular composition of WE-OM and its differences to IW-DOM Compared to IW-DOM the WE-OM samples contained higher numbers of formulas (up to 9749) in the mass range of 180-600 Da. CHNO compounds predominated in number followed by CHO, CHOS and CHNOS compounds (Table 3) ; in the upper two samples single CHNO and CHOS peaks reached the highest relative intensities. The compound diversity in WE-OM and the molecular variations in different sediment depths differed considerably from IW-DOM as exemplarily shown for the mass 385 in Fig. 1 . All spectra showed a similar pattern at the other masses with a generally lower number of total peaks per mass for m/z < 300 and a slightly lower resolution at m/z > 500. Thus, two to three times larger numbers of formulas were identified in all WE-OM samples compared to the corresponding IW-DOM sample. At 10-12 cm depth the WE-DOM spectrum showed several CHNO compounds containing four N atoms (homologous series from C 15 H 22 O 8 N 4 to C 18 H 34 O 5 N 4 with homologous being defined as the functional relationship between molecular formulas that differ by a specific mass difference equivalent to a chemical building block, e.g., CH 2 (14.01565 Da), CH 4 replaced by O (0.036 Da); cf. Koch et al., 2007) . These tetra-N-atomic compounds had high intensities in the upper two samples and decreased with increasing sediment depth, whereas mono-and di-N-atomic CHNO compounds became intensity-wise more important (Fig. 2a) . The deeper two WE-OM samples were clearly dominated by CHO compounds. Two different homologous series of CHO compounds were detected in all of the samples on the mass 385 (Fig. 1) . Members of one homologous series differ by one CH 4 which is replaced by one O. The more unsaturated series (C 18 H 10 O 10 to C 22 H 26 O 6 with DBE from 14 to 10) had in general lower relative intensities compared to the more saturated CHO series (C 15 H 14 O 12 to C 22 H 42 O 5 with DBE from 9 to 2). Consistent with the trends in DBE wa (Table 3) , the former series was most abundant at 147-167 cm depth in both IW-DOM and WE-OM (Fig. 1) . Similar to IW-DOM, CHOS compounds showed the highest relative intensities in 147-162 cm depth. Molecular formulas containing two S atoms were more abundant in WE-OM (Fig. 2a) . WE-OM from 420 to 435 cm (limnic horizon) showed an O/C wa ratio of 0.46, which is in the range of the other WE-OM samples and contrasted the corresponding IW-DOM sample from this depth (Table 3 and Section 3.3.1).
For an overview of the gain (and loss) of formulas with the different extraction methods differential mass spectra were calculated (Fig. 2b) . The majority of molecular formulas present in both pools had higher relative intensities in WE-OM. Particularly CHNO compounds were enriched in WE-OM relative to IW-DOM. Only CHO formulas showed a distinct relative peak intensity loss in WE-OM compared to IW-DOM (Fig. 2) ; these compounds corresponded to the molecular formulas with low O/C ratios described above.
WE-OM contained a higher number of molecular formulas and unique compounds that were not observed in IW-DOM. Van Krevelen diagrams in Fig. 3 compare IW-DOM specific (black) to WE-OM specific (red) molecular formulas with respect to their elemental O/C and H/C ratios (a van Krevelen diagram showing 7460 formulas that are shared by at least one WE-OM and one IW-DOM sample is provided as Fig. S1 in Appendix A). Each symbol in the van Krevelen diagram represents one or more formulas with defined O/C and H/C ratios. Different organic compound classes have different O/C and H/C ratios and based on this, van Krevelen diagrams have been used to identify sources and transformation patterns in DOM (e.g., Kim et al., 2003; Sleighter and Hatcher, 2008; Schmidt et al., 2011) . As expected, WE-OM showed a higher number of unique formulas for all compound groups compared to IW-DOM that were distributed over a wide H/C and O/C range (Fig. 3a) . Specific CHO and CHOS compounds in IW-DOM had mostly low O/C ratios (<0.3), and variable H/C ratios (0.3-1.2). Some formulas plot at high O/C ratios and intermediate H/C ratios, while a second cluster plots at low H/C ratios and intermediate O/C ratios. Specific di-Satomic CHOS compounds are less abundant; while they Table 3 Numbers of identified formulas and peak magnitude weighted average values of molar oxygen-to-carbon (O/C wa ) and hydrogen-to-carbon ratios (H/C wa ), double bond equivalents (DBE wa ), elements (C wa , S wa , N wa ) and carbon-to-nitrogen ratio (N/C wa ) for the sum of all formulas in IW-DOM, WE-OM and E. coli extracts (two replicates). had low to intermediate O/C and H/C ratios in IW-DOM, specific WE-OM compounds had high O/C and H/C ratios (Fig. 3a) . Specific CHNO compounds in WE-OM were highly abundant (relative intensities of up to 100% in 10-12 cm depth) and distributed over a wide O/C and H/C range except for tetra-N-atomic CHNO compounds, which mainly had elevated H/C ratios (Fig. 3b) . IW-DOM-specific tri-and tetra-N-atomic CHNO compounds were less abundant (relative intensity < 6.5%) and plotted mainly in the center of the van Krevelen diagram where carboxyl-rich alicyclic molecules (CRAM) have been detected (Hertkorn et al., 2006) . IW-specific mono-and di-N-atomic CHNO compounds were mainly detected at low O/C ratios and varying H/C ratios. We performed a principle component analysis (PCA) to identify the molecular formulas that account for most of the variance in the different sample types (Figs. S2 and S3 in Appendix A). Principal component (PC) 1 and PC 2 explained together 72.8% of the variance. PC 1 separates IW-DOM from the three deeper WE-OM samples; mainly CHO, and CHNO compounds with intermediate O/C and a wide range of H/C values are associated with WE-OM, whereas CHO and CHNO compounds with mostly low O/C ratios are associated with IW-DOM as already (Figs. 1 and 2a) .
E. coli
The Soxhlet extraction of E. coli cells yielded an average DOC concentration of 1040 lM and an average TDN concentration of 297 lM (Table 2 ). Extraction efficiencies were in the range of 56-58% and SPE-DON was comparably low (55 lM on average). The FT-ICR MS spectra of the E. coli samples contained around 1000 molecular formulas with a relative intensity > 3%. The duplicates showed only little variation, suggestive of a small analytical error. The O/C wa ratio of 0.35 was low and the H/C wa ratio of 1.57 elevated (Table 3 ). Molecular formulas containing S, N and/or P predominated in number and abundance, in particular CHNO compounds. This was indicated by very low C/N wa ratios of around 10 compared to values of 15-24 for WE-OM and 41-64 for IW-DOM (Table 3) .
DISCUSSION
Size of pools of IW-DOM and WE-OM and their amenability to molecular analyses
Aqueous Soxhlet extraction accessed considerable amounts of soluble organic carbon that represented up to 4.35% of the sedimentary TOC pool. Normalized to the sediment, DOC in WE-OM is 27 to 54 times larger than in the corresponding IW-DOM pool (Table 2) . Thus, Soxhlet extraction yields a substantially larger number of potentially bioavailable organic compounds. On the other hand, this approach is limited by lower extraction efficiencies for Soxhlet extracts on PPL cartridges and thus larger fractions of organic matter that escape detection. DOC concentration in Soxhlet extracts was high enough for a direct injection without pre-concentration; however, the SPE step is a prerequisite to remove salts that would interfere with DOM molecules during electrospray ionization. The applied PPL cartridges are suited for polar compounds and work well for DOM in the marine water column and interstitial water. Extraction efficiencies of SPE on PPL cartridges range between 43% and 65% for marine water column DOM (Dittmar et al., 2008) , and between 38% and 55% for IW-DOM from subsurface sediment (Schmidt et al., 2009 (Schmidt et al., , 2011 and yielded a maximum value of 87% for the sample from 596 to 613 cm in this study. Low d
13
C values in the lacustrine sediment (420-435 and 596-613 cm) indicated variations in organic matter composition that appeared to have a strong effect on the extraction efficiency. IW-DOM appeared to become less polar and hydrophilic with sediment depth and thus was more efficiently extracted with SPE. With the Soxhlet approach, we extracted either a fraction of highly hydrophilic compounds that were not retained on PPL resin or the PPL cartridges were overloaded and retaining capacities were exceeded. To exclude the latter, different volumes of the Soxhlet extracts (5, 10, 25 and 150 ml) were extracted on PPL cartridges but uniformly low extraction efficiencies of 15% were observed for all volumes (Table S3 , Appendix A). Consequently, it appears that the lost DOC fraction was not retained on the cartridges due to its extreme hydrophilic properties.
Effect of geochemical conditions and burial depth on DOM composition
DOM in marine sediments is mainly released by depolymerization of buried particulate organic matter (Burdige et al., 2004) . It is in exchange with the solid phase via dissolution and flocculation and therefore affected by the prevailing geochemical conditions such as pH, temperature, and ionic strength of the aqueous phase. The age of the sedimentary organic matter and burial depth influence its reactivity (Middelburg, 1989; Komada et al., 2013) and therefore influence the amount and composition of DOM. In the Black Sea, the sedimentary DOM composition was strongly controlled by the geochemical conditions. The increased abundance of the CHOS compounds (in number and intensity) at 147-162 cm depth in both IW-DOM and WE-OM probably resulted from sulfurization reactions caused by elevated interstitial water sulfide concentrations (4.4 mM HS -compared to 1.7 mM and 0.3 mM in 10-12 cm and 420-435 cm depth, respectively; personal communication; T. Goldhammer and M. Zabel). Accumulation of CHOS compounds in DOM of rapidly accumulating mid-shelf mud has been demonstrated before (Schmidt et al., 2009 ) and probably results from reactions of functionalized molecules such as lipids and carbohydrates with free bisulfides, hydrogen sulfides or polysulfides, which bind to C-C double bonds by nucleophilic addition (Vairavamurthy and Mopper, 1987; Kohnen et al., 1989; Van Dongen et al., 2003) . While unequivocal precursorproduct relationships cannot be established without detailed structural information, potential genetic relationships between compounds can be explored on the basis of relationships of molecular formulas as well as the geochemical context. For example, one possible sulfurization reaction is the exchange of one O atom by one S atom and two H atoms during reduction. Using the detected CHO compound C 12 H 14 O 7 as an example (Table 4) , we observe the putative reactant and its mono-S-and di-S-atomic products C 12 H 16 O 6 S 1 and C 12 H 18 O 5 S 2 in all samples. Sulfurization of a given set of formulas is substantially higher in the sulfide-rich horizon resulting in a strong increase in the S-bearing products compared to their putative precursors (Table 4) .
Compared to the other sediment depths, IW-DOM constituents in 420-435 cm were shifted to lower O/C ratios (Fig. 1) . The high relative abundance of these molecular formulas might be a result of specific geochemical conditions and could arise from (i) transformation reactions of DOM compounds in the interstitial water, (ii) the loss of carboxyl moieties, or (iii) the dissolution of a group of compounds with low O-content from particulate organic matter. The fact that this shift to lower O/C ratios was not observed in the WE-OM suggests that this process occurred in the interstitial water and that most of the WE-OM constituents were protected and not subjected to these molecular transformations. DOM adsorption is controlled by the mineralogy of sediment particles and the chemical properties of particulate organic matter. Montmorillonite (smectite group) adsorbs hydrophillic compounds such as amides, carbohydrates and alcohols, whereas kaolinite preferentially adsorbs polycyclic aromatic hydrocarbons (Zhang et al., 2009; Conte et al., 2011) . At our site in the Black Sea the clay mineral composition changes from illite (Unit 1) over kaolinite and illite (Unit 2 and 3) to smectite (in 596-613 cm depth, Unit 3) (Major et al., 2002) , and thus from hydrophobic to hydrophilic adsorbents. A release of relatively hydrophilic compounds from the deeper sediment during Soxhlet extraction could explain the decrease in extraction efficiencies of WE-OM with depth, because these compounds are less amenable to SPE. In general, WE-OMspecific formulas had higher O/C ratios (Fig. 3) and were thus enriched in carboxylic and hydroxylic groups with hydrophilic properties.
The high relative abundance of CHO compounds in all samples suggests that they are either permanently produced in the sediment or are recalcitrant molecules that accumulated in the interstitial water. An increase of these compounds with sediment depth in both IW-DOM and WE-OM is consistent with their accumulation due to the generally assumed increase in refractory compounds with on-going diagenesis (Middelburg, 1989; Burdige, 1991; Komada et al., 2013) and their predominance in aged deep ocean water DOM (Koch et al., 2005; Hertkorn et al., 2006; Lechtenfeld et al., 2014) .
Characteristic organic matter fraction in WE-OM
A new compound pool was accessed via Soxhlet extraction. IW-DOM contained tri-and tetra-N-atomic CHNO compounds only in small amounts (0.2-1.1% relative abundance), while mono-and di-N-atomic CHNO compounds predominated (Fig. 2a) . In WE-OM on the other hand, tri-and tetra-N-atomic CHNO compounds were remarkably abundant and in 10-12 cm sediment depth they were even slightly more abundant than the mono-and di-Natomic CHNO compounds. A large fraction of tri-and tetra-N-atomic CHNO compounds with high H/C and low to intermediate O/C ratios (Fig. 3b ) was also present in E. coli extracts (Fig. 4) . 48% of the formulas shared by E. coli and WE-OM were tri-and tetra-N-atomic CHNO compounds. Most of these molecular formulas resembled Table 4 Potential reactants and products of a sulfurization reaction (O replaced by H 2 S) for the six most abundant mono-S-atomic CHOS formulas in (a) the IW-DOM sample and (b) the WE-OM sample from 147 to 162 cm depth in comparison to the corresponding sample from 10 to 12 cm depth. The sulfurization ratio was calculated for single molecular series and emphasizes the elevated abundance of CHOS compounds in the sulfide-rich horizon (147-162 cm depth). Fig. 4 . Van Krevelen diagram of all 900 formulas detected in both E. coli samples. The subset of formulas shown in blue (n = 558) was also detected in WE-OM; 74% of these formulas contained N and 48% were tri and tetra-N-atomic formulas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) exact formulas of various tri-and tetra-peptides. For example, the highest peak in Fig. 1e , C 16 H 26 O 7 N 4 , could represent the tetrapeptides "serylprolylprolylserine" or "glutamylalanylalanylproline". Although our analyses yielded only exact masses and no structural information, it appears that peptides contributed to the DON in the Soxhlet extract from the uppermost sample. In contrast to tri-and tetra-N-atomic CHNO compounds, mono-and di-N-atomic CHNO compounds, i.e., molecules with one or two amide groups, were mostly too large to be amino acids (<204 Da) or dipeptides (<342 Da). It has been suggested that these compounds derive from proteins and peptides that have been altered by biotic and abiotic earlydiagenetic reactions such as deamination, oxidation, and hydration (Schmidt et al., 2011) . The peptide-like formulas in WE-OM may partly be derived from destruction of microbial cells during Soxhlet extraction. In soils hot water extracted C correlates significantly with microbial biomass C (Sparling et al., 1998; Ghani et al., 2003) . Around 60% of the dry mass of microbial cells consists of proteins (Simon and Azam, 1989) . The release of cellular proteins during extraction might result from deionized water that destroyed intact cells by osmotic pressure. This process possibly was accompanied by hydrolysis of proteins to smaller peptides. We estimated the potential maximum effect caused by protein degradation during extraction due to cell destruction (Table 5) by assuming an abundance of 10 9 cells per mL in the upper sediment and 10 7 cells per mL at 6 m depth as it has been reported for the Black Sea (Jørgensen, 2012) . With an average cell diameter of 500 nm and a cell dry mass of 34.4 fg, we estimated 21.7 fg proteins per cell (63% of cell dry mass) and cell carbon content of 18.6 fg (54% of the cell dry mass) (Simon and Azam, 1989) . Accordingly, for the unlikely event that all proteinaceous components were turned into water-soluble compounds, the contribution of cellular components could amount up to 8.8% of TDN and 3.9% of DOC derived from proteins in the 10-12 cm sample and 0.31% of TDN and 0.04% of DOC in the 596-613 cm horizon (Table 5) . Therefore the effect of cell lysis in the deeper samples examined in this study is likely negligible. To further elucidate the effect of Soxhlet extraction on microbial cells and to quantify the amount of N that is released from the destruction of cells, we subjected E. coli to aqueous Soxhlet extraction. Our results show that on average 24.2% of the total proteinaceous N and 11.8% of the total cellular C is in the dissolved fraction <0.4 lm after Soxhlet extraction (Table S4 Appendix A). We therefore conclude that the release of peptides and other organic compounds from intact microbial cells could potentially yield peptidelike formulas. The expected effects of cell destruction are small (<0.5% of DOC and <2.1% of TDN) and are not consistent with the gradual trends observed in the down-core distribution of tri-and tetra-N-atomic CHNO compounds (Fig. 2a) , whose relative abundance decreased from 21.4% over 13.4% and 10.5% to 6.0%. Consequently, the high abundance of CHNO compounds in WE-OM and the changing ratios of tri-and tetra-N-atomic vs. mono-and di-N-atomic compounds with depth likely represent the progressive early diagenetic degradation of sedimentary proteins with depth. However, structural analyses of these compounds will be needed to confirm their proteinaceous nature. The absence of peptide formulas in IW-DOM suggests that these compounds are immediately consumed by benthic microbes after dissolution.
CONCLUSIONS
Aqueous Soxhlet extraction of sediments provides access to a larger and more diverse DOM pool than conventional interstitial water sampling methods such as Rhizon sampling. DOM in the Soxhlet extracts was apparently highly hydrophilic and therefore the yields of subsequent DOM isolation using solid-phase extraction cartridges were comparatively low. Future studies using Soxhlet extraction should consider isolation protocols such as coupled reverse osmosis-electrodialysis (Koprivnjak et al., 2009 ) aiming at these extremely hydrophilic compounds. Increased temperatures of approximately 80°C during Soxhlet extraction did not notably alter the DOM distribution of the interstitial water since the majority of IW-DOM compounds were also detectable in WE-OM. Compared to the IW-DOM pool, the WE-OM pool appeared to consist of fresher, less degraded constituents and therefore WE-OM provides a more comprehensive picture of the organic matter in the sediment. Moreover, aqueous Soxhlet extraction is a promising alternative to interstitial water analyses for deeply buried sediment, when FT-ICR MS analyses of interstitial waters are impossible due to limited sample availability.
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